A model of the linear hydrogen bond has been devised which is characterized by three physical parameters of the isolated electron donor and proton donor molecules: MA-H, the bond dipole moment; AI, the difference in ionization potential between that of the electron donor and the corresponding noble gas atom; and 1, the length of the electron donor lone-pair of electrons. The model is able to explain dimerization energy, charge transfer, internuclear separation, directionality, stretching force constants, dimer dipole moment, and infrared intensity enhancement.
The normal hydrogen bond is the relatively weak (1-10 kcal/mole, approximately one-twentieth that of a typical ionic or covalent bond) link that connects a covalently bound, slightly positive hydrogen atom to an atom in the upper right-hand corner of the periodic table (N, 0, F, P, S, Cl, As, Se, Br, and sometimes C). In spite of its central importance to much of chemistry and biology, a model relating the properties of the hydrogen bond to the physical quantities characterizing the participating molecules has not been available. Although a large and significant body of quantitative experimental measurements exists, as well as six books, almost all of the observations have been made on molecules in solution rather than on the simple isolated species that are traditionally studied when a basic understanding of force laws are sought. Recently, a moderate sized literature of ab initio quantum mechanical calculations has arisen along with a few high resolution beam spectroscopy measurements for selected dimers, and this provides a data base for developing mechanistic models. These results show that the hydrogen atom and the two atoms attached to it lie almost along a line. The model proposed here has been designed to represent linear hydrogen bonds between all pair combinations of the molecules, NH3, OH2, FH, PH3, SH2, and ClH. (The geometrical arrangement for the water dimer is shown on the upper left in Fig. 1 : electron donor on left, proton donor on right.) It can be extended also to strong hydrogen bonds and to electron donors of biological interest.
PARAMETERS OF THE MODEL
The model uses the conventions of the molecular orbital representation because this has proved to be the simplest framework that can quantitatively account for a wide range of chemical bonding phenomena. The highest occupied monomer molecular orbital forms the hydrogen bonding lone-pair of the electron donor (BHn), and its angular and radial dependence is displayed in Fig. 1 . The hydrogen bond to a noble gas atom is taken as zero, and AI, the ionization potential of a hydride electron donor, BHn, referenced to the noble gas atom in the row of B, is the relative energy for hydrogen bonding (Table 1) . The hydrides are formed, hydrogen bonding long-pairs are created, and the symmetry is lowered as protons are pulled from the noble gas atom; Al is analogous to the splitting parameter in crystal field theory. A principal source of hydrogen bonding arises from charge rearrangements in the monomers, and Al is also a measure of the relative polarizability of the electron donor. 4701 1 is defined as that radial distance which encloses 98% of the charge in the highest occupied monomer molecular orbital (Table 2) , and it bears an inverse relationship to ionization potential. Thus for a given row in the periodic table, 1 is almost a linear function of AW.
The proton donor parameter is MAA-H, and its relationship to the monomer dipole moment is shown by the diagrams of Fig. 2 . The monomer dipole moment is made up of the projections of the bond dipoles plus the other dipole moment components of the molecular charge distribution. The principal other contributing components are the symmetry axis lone-pairs, and there is one of these for each monomer (in general these lone-pairs are more tightly bound than the hydrogen bonding lone-pairs; in NH3 and PH3 they are identical). Analysis of the monomer charge density distribution shows that the dipole moment of the symmetry axis lone- (Table 3 ).
RESULTS

Energy formula
The energy of the hydrogen bond complex can be expressed as: ED = K/A-HAIIR [1] where K is an energy scale factor and R is the A...B internuclear separation. Because there is a nearly linear relationship between I and AI for each row, the binding energy formula can also be expressed in terms of 1-1 where lo = 0.01 and 1.44 A for the second and third row, respectively. I-lo aids in extending the model to complicated electron donors where an ionization potential reference is not readily apparent. Charge redistribution In hydrogen bonding there is appreciable charge transfer from the electron donor to the proton donor but considerably less than occurs in some conventional donor-acceptor complexes. The pattern of this charge transfer is ordered by the lone-pair radial extent, 1. A large I implies a relatively large overlap of the proton donor, resulting in a relatively large charge transfer. Charge transfer is ordered according to the electron donor sequences NH3 > OH2 > FH and PH3 > SH2 > ClH, and transfers for the third row are comparable to those of the second even though the average dissociation energies are in the ratio of 1 to 2.25. The driving force for charge redistribution is the proton donor bond dipole. Charge transfer and total charge change on the electron donor are roughly linear with MIA-H. The pattern of charge change on the proton donor parallels that of ED. Table 3 . From Fig. 4 , we can see also that the difference in internuclear separation between electron donors of the second and third rows for a specified proton donor is a constant (;z0.8 A). This follows because the separation between rows for given A-H is determined by the lone-pair extents,.1. The ratio of average I for the second to third row is 0.75 compared to 0.73 for the corresponding ratio of second to third row average r(H...B).
Directionality
The energy involved in changing the angle, 0, between the electron donor and proton donor is an order of magnitude less than that required to change the internuclear separation by the same percent. For this reason there is considerable' uncertainty in both experimental and computed values.
Directionality is determined by a competition between the electron donor dipole-proton donor dipole interaction on the one hand and the more favorable interaction achieved along the lone-pair angular maxima on the other hand. This implies that for a specified electron donor lower angles will be realized for larger AA-H-For a specified proton donor, lower angles are expected for larger electron donor dipole moments, and since third row moments are notably smaller, angles will be larger than for second row electron donors. Currently available computational and experimental data support these trends. 
Force constants
Badger's rule governs stretching force constants in ordinary covalent bonds. Thus it is noteworthy that the same relation- where the dAB parameter for hydrogen bonds is independent of the row and equal to 1.00, 0.80, and 0.55 for groups V, VI, and VII, respectively. The reason for this simple reChemistry: Allen H2N-H _ sult is that KAB is governed by 1 and average l as a percent of average R is nearly the same for the second and third row. The proton donor stretching force constant, KAH, is also ordered by the parameters of the model. Relative to the isolated monomer force constant, KAH is inversely proportional to AI because large AI produces large mixing between the electron donor and proton donor potential energy surfaces, yielding low KAH. Similarly, relative KAH is inversely proportional to AA-H because large MA-H produces a large charge redistribution on the proton donor, resulting in a low KAH. Dipole moment and intensity enhancement For proton donors in a given row, the dipole moments of the complex are proportional to AA-H because AA-H controls charge redistribution. For third row electron donors the dipole moments of the complex are smaller than for those of the second row because Os are larger for the third than for the second row.
Infrared intensity enhancement is a characterizing feature of the hydrogen bond, and it arises because of the charge redistribution attendant to bond formation. Although there is insufficient experimental or computational data currently available for test, it is to be expected that for a given row, intensity enhancement will be ordered according to l for a specified proton donor and ordered according to MA-H for a specified electron donor.
EXTENSIONS AND APPLICATIONS
A Biologically Important, Multiply Bonded Electron Donor. A problem of long-standing interest has been the question of whether or not interpeptide hydrogen bonds contribute to the stabilization of protein configuration in aqueous solution. Klotz and coworkers (7, 8) carried out near infrared studies and heat of solution measurements, showed that the model peptide group, N-methylacetamide, did not aggregate in water, and obtained enthalpies for amide transfer from an apolar to an aqueous solution. The dissociation energy formula, Eq. [1] , can be used with existing calculations to confirm their results by giving dissociation energy estimates for a solvated model peptide and for the intramolecular hydrogen bonding (model peptide dimer).Geometry optimized quantum mechanical calculations with a good basis set are available for: N-methylacetamide and formamide as N-H proton donors with water as electron donor, N-methylacetamide and formamide as electron donors with water as proton donor, the formamide dimer, and the water dimer (9) (10) (11) . Since these calculations give the same internuclear separation for complexes with N-methylacetamide and with formamide, an ED estimate for the N-methylacetamide dimer can be obtained from Eq. 
state represented by the average dimerization energy of the two N-methylacetamide-water complexes: (7.6 + 6.0)/2 = 6.8 kcal/mole. The thermodynamic estimate for the hydrogen bond contribution to this interpeptide bond disruption process obtained by Klotz et al. (7, 8) The model also provides a conceptual picture for understanding other cases of nonadditivity. An electron donor hydrogen bonded to two proton donors is less stable (negative cooperativity) than two isolated dimers because the increased charge transfer lowers the potential around the electron donor, lowering AI beyond that for a single proton donor. Hydrogen bonds involving two hydrogens attached to a common proton donor atom A also result in negative cooperativity. Charge transfer to one A-H bond reduces AA-H of the other bond. Negativity cooperativity for double proton donors is greater than for double electron donors because hydrogen bond energies change by a greater amount for a given charge change on A-H than on B. These double electron donor and double proton donor trends have been found in ab initio molecular orbital calculations on water trimers (16) .
Generalization to Any Electron Donor. Because the (ED) (R) product obtained from Eq. [1] leads to a separable function of the proton donor and electron donor, representation of a given class of electron donors (e.g., a sequence of substituents at carbon for 0 = C, or a series of single-, double-, and triple-bonded nitrogen compounds, or a set of aromatic rings) can be obtained from ab initio calculations with a single proton donor (6* 
